Abstract The corrosion resistance of Wiron Ò 88, a NiCr-Mo alloy, was evaluated in liquid growth media in the absence and presence of the Streptococcus sobrinus and Streptococcus mutans strains. Open circuit potential measurements, cyclic voltammetry, linear sweep voltammetry, as well as electronic microscopy coupled to electron diffraction spectroscopy (SEM/EDS), were the main techniques used in this study. It was concluded that the presence of S. sobrinus and S. mutans have only a slight effect on the corrosion resistance of the Wiron Ò 88 alloy, with the S. mutans being slightly more aggressive. For both strains the corrosion resistance R p is of the same order (kX cm 2 ). After 24 h immersion the S. sobrinus lead to and R p of 11.02, while the S. mutans lead to of 5.59 kX cm 2 . SEM/EDS studies on the Wiron and formation of chromium and molybdenum oxides. The bacterial adhesion to the surface is not uniform.
Introduction
The high costs of noble dental alloys have led to the development of various alloy materials, which are more economical. Cr-based alloys are among the most common materials applied in dentistry and in implants. The Co-CrMo and Ni-Cr-Mo implant alloys exhibit attractive properties such as mechanical strength and biocompatibility, corrosion resistance, safety, ductility and wear resistance [1] [2] [3] [4] . In a recent paper we have published a study on the corrosion resistance of Wiron Ò 88, a Ni-Cr-Mo alloy, in a sterilized solution of artificial saliva, at 37°C, in the absence of bacteria [5] .
As described by Fontana and Greene [6] and several other authors [7] [8] [9] both anaerobic and aerobic bacteria can participate in the process of microbiologic-related corrosion.
Canay et al. [10] noted that the titanium plates used by the patients for a 6-month period corroded more than the ones not used by the patients. It admits that the observed effect may be due to the aggressiveness of the oral environment, which is an ideal site for bacterial growth because of the warm, moist conditions of the oral environment and the abundant nutrient supply. Chern et al. [11] have studied the biocorrosion of titanium-cobalt alloys in Hank's physiological solution.
On a quite recent study Souza et al. [12] have reported on the corrosion behaviour of titanium in the presence of Streptococcus mutans (S. mutans). The authors have concluded that the presence of bacterial colonies, such as S. mutans, contributes to decrease the corrosion resistance of the titanium as dental material.
Streptococcus mutans is one of the upmost important microorganisms in bucal environment due to its capacity to release lactic acid and to grow in acidic environments becoming a powerful corrosive microorganism. Moreover, S. mutans can grow both in aerobic and anaerobic media, and can be found in different habitats in the oral cavity. As mentioned earlier by Chang et al. [13] although many studies have focused on the effect of bacteria to the tissue surrounding implants, little is known about microbeinduced corrosion of the metallic dental materials. Whether the bacteria and their by products will affect the corrosion behaviour of metallic dental materials needs more fundamental investigation.
The aim of this study is to evaluate the influence of the Streptococcus (S. mutans and S. sobrinus) on the corrosion resistance of a non-noble alloy, the Wiron Ò 88, a Ni-CrMo dental alloy.
Materials and methods

Materials
The samples used in this study were made from Wiron Ò 88, a non-noble commercial dental alloy with the following composition: 64 % Ni ? 24 % Cr ? 10 % Mo ? 2 % of minor elements. The alloy was purchased from BEGO (Bremen, Germany). Coupons of the Wiron Ò 88 with an area of about 1 cm 2 were soldered to a copper wire and inserted into a mould of epoxy resin and then glued into a glass tube. The electric contacts were insulated with Araldite 
Solutions
The blank solution was a solution typical for the growth of microorganisms, named Brain Heart Infusion (BHI) media, with the following composition in (g L -1 ): 112.5 cow brain ? 5.0 cow heart ? 10.0 pepton ? 5.0 NaCl ? 2.0 D(?) glucose ? 2.0 g H 2 NaPO 4 .
Bacteria growth conditions
Streptococcus mutans (CETC 479) and S. sobrinus (CETC 4010) were obtained from Colleccion Españ ola de Cultivos Tipo and cultured in BHI and in BHI supplemented (BHI-S). The bacterial growth medium designated here by BHI-S was obtained by adding to the BHI medium 0.5 % yeast extract, 0.05 % L-cysteine and 1 % sucrose in anaerobic conditions assured by degassing with 0.2 lm sterile-filtered (Acro Ò 50 Vent Devices, Pall Gelman Corporation) oxygen free nitrogen for 15 min. The microorganisms were obtained through inoculums of 10 % of a culture BHI-S with 1.5 9 10 5 cfu mL -1 . Bacterial growth at 37°C, during 24 h under anaerobic conditions, obtained by bubbling N 2 during about 20 min.
Electrochemical studies
Open circuit potential (E OCP ) measurements
Open circuit potential measurements were recorded over a period of 24 h in the BHI-S, BHI-S ? S. sobrinus and BHI-S ? S. mutans aqueous solutions, respectively. These experiments were performed in a two-compartment cell. The open circuit potential (OCP) was acquired every 10 min during a period of 24 h and simultaneously recorded, using a computer-controlled digital HP/Agilent multimeter, via the IntuiLink software. Each replica was performed after polishing the electrode.
Potentiodynamic experiments
After being polished, washed and dried the working electrode made of Wiron Ò 88 was immersed into the electrochemical cell containing the solution. A platinum grid counter electrode and a commercial Hg/Hg 2 Cl 2 , KCl (sat) reference electrode (SCE) completed the configuration of a three-electrode electrochemical cell. All the system was then carefully sealed in order to avoid contamination.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were performed via a potentiostat/galvanostat Autolab PGSTAT12 from Metrohm Autolab B.V.
Cyclic voltammetric experiments, at 50 mV s -1 , were firstly performed in a potential range between the H 2 evolution potential and an anodic potential limit of ?0.2 V versus SCE. After that, polarization curves were recorded in narrow potential range, ±100 mV around E OCP , at a scan rate of 0.5 mV s -1 . Then the electrode was again polished with alumina and after being immersed in the solution, at 37°C, for about 20 min, a polarization between the H 2 evolution potential and ?0.2 V, at a scan rate of 1 mV s -1 , was applied and the corresponding polarization curves recorded. Cyclic voltammetric and linear sweep experiments were performed on electrodes with different immersion times, namely, 20 min, 7, 10 and 24 h.
All the experiments were conducted in not-deoxygenated aqueous solutions with and without bacteria. Three replica of each experiment have been performed.
SEM/EDS studies
The scanning electron microscope observations were performed via an Hitachi microscope, model S-2400, coupled to a Silicon Drift Detector from Bruker equipped with Quantax Esprit 1.9 software. Data was acquired at a potential of 15 keV. Figure 1 presents normal growth curves of the S. sobrinus and S. mutans bacteria measured at the optical density of 630 nm, reported in a previous work [14] .
Results and discussion
Bacterial growth curves
The growth curves show that the S. mutans and S. sobrinus, growing in the BHI-S medium reach the stationary phase after 5 and 7 h of incubation, respectively. During these periods the major changes would take place due to the great increase and activity of the bacterial population. The pH is one of solution parameters that suffer a variation (vide Fig. 2 ). Accordingly to Figueiredo et al. [14] the virulence factor is connected to the existence of a glicolytic via leading to lactate, formiate and acetate, due to the fermentation of the sugars present in the growth media. The production of acids is confirmed by the decrease of pH (from 7 to 5). The decrease of the pH corresponds to the exponential growth period, while the steady value corresponds to the stationary phase of the growth curve.
OCP measurements of the Wiron
Ò 88
In the absence of bacteria the OCP values have shown a variation from -0.163 to -0.263 V versus SCE after about 10 h. In the presence of bacteria a variation from ?0.037 to -0.163 V is observed after 3-4 h of immersion. A minimum value was observed after 8-9 h of immersion, time corresponding to the stationary phase of the bacterial growth phase (vide Fig. 1) . Thereafter, the potential is ions are released, while chromium and molybdenum oxides are formed. Our recent study [5] on the Wiron Ò 88 alloy, in a not-deoxygenated artificial saliva, at 37°C, after 21 days of immersion has detected and quantified Ni 2? . time. A slight higher peak current was obtained for the BHI-S ? S. mutans system, particularly on the CVs corresponding to the 24 h of immersion (about 800 against 400 lA cm -2 ). The potential at which the current is zero, E (j=0) , is displaced in the negative direction as the immersion time increases for the Wiron Ò 88 | BHI-S ? S. sobrinus. The displacement is from -0.53 to -0.42 for Wiron Ò 88 | BHI-S ? S. mutans and from -0.50 to -0.55 V versus SCE for the Wiron Ò 88 | BHI-S ? S. sobrinus, respectively. It should be emphasized that the anodic peak is observed at about the same time as the change in the pH (ca 7 h). Therefore most probably the more acidic conditions favour its appearance. Figure 4 presents the polarization curves recorded in a potential domain, of ±100 mV around E ocp , for the three systems under study, for the 7 and 24 h of immersion.
Cyclic voltammetric data
Anodic
polarization curves recorded at 0.5 mV s -1
Evaluation of the polarization resistance
The linear regression analysis of the quasi steady polarization curves (± 25 mV around E (j=0) ) has lead to the values given in Table 2 .
After the 24 h of immersion the S. mutans in comparison with the S. sobrinus contribute to the lowest R p value (about 5 against 10 kX cm 2 ). On the other hand, the system Wiron Ò 88 | BHI-S ? S. sobrinus reveals a less negative E (j=0) value (-0.354 V vs. SCE against -0.413), while the crossover of the base line E (j=0) corresponding to the Wiron Ò 88 | BHI-S ? S. mutans varies in the cathodic direction, from -0.250 to -0.375 V versus SCE, which is also an indication of the higher agressivity of the S. mutans. Figure 5 presents the Tafel analysis of the curves of Fig. 4 corresponding to 24 h of immersion. The equation describing the Tafel lines with correlation coefficients of the order of 0.999 are also given inside the plots. Table 3 From the analysis of data in Table 3 corresponding to 24 of immersion the higher aggressiveness of the S. mutans, when compared with the S. sobrinus, is quantified. The values of the cathodic Tafel slope varying from -0.068 to -0.039 V dec -1 indicates a change in the corrosion mechanism in the presence of the S. mutans. Figure 6 shows micrographs from the Wiron Ò 88 electrodes with 24 h immersion in the BHI-S in the presence of S. sobrinus and S. mutans, respectively. Table 4 gives the semi quantitative elemental analysis on the zones marked on the micrographs of the Wiron Ò 88 samples with 24 h immersion in the medium containing the S. sobrinus and the S. mutans bacteria.
Tafel analysis of the polarization curves
SEM/EDS studies
The EDS data from darker zones on the micrographs from the samples with biofilm of the S. mutans and also from the zones with attack of a shape similar to that of the S. sobrinus reveals a percentage of oxygen varying between 7 and 8 % and a high percentage of carbon, most probably related with the biofilm (much higher on the darker zones). Simultaneously, these zones show depletion in Cr, Ni and Mo, while the whiter zones show enrichment in Mo and only a slight depletion in Cr and Ni.
Images show holes (pits) and bacterial adhesion, not uniformely distributed. On the role surface the average of carbon is quite low (6 wt%), but the zones showing the bacteria morphology the percentages of Carbon are the order of 40-50 wt%. The bacterial adhesion is observed on the darker zones.
Conclusions
The corrosion resistance of the Wiron Ò 88, for short immersion times, is not significantly affected by the presence of the S. sobrinus or S. mutans bacteria. Only the 24 h of immersion show differences, particularly, in the medium containing the S. mutans. The anodic charges involved in the electrochemical processes all over the polarization potential region, in the presence of the S. mutans is higher. Also the corrosion resistance, R p , is about twice lower and the potential at which current is zero is less negative.
SEM micrographs reveal a random corrosion process, presenting some pits of higher size and higher amount of corrosion products on the samples immersed in the medium containing the S. mutans bacteria.
The EDS data has proved the depletion of Ni in certain zones but not associated to the presence of oxygen, thus leading us to conclude about the corrosion process due to the dissolution of Ni most probably through the formation of Ni 2? ions. On the other hand, the depletion in Cr and Mo associated with the presence of small percentages of oxygen (7-8 wt%) may indicate the formation of chromium and molybdenum oxides/hydroxides, as it may predicted by the corresponding Pourbaix diagrams. 
